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Abstract
The electrochemical behaviour of biomimetic monolayers of monogalactosyldiacylglycerol (MGDG) incorporating ubiquinone-10 (UQ) has been investigated. MGDG is the principal component in the thylakoid membrane and UQ seems a good substitute for plastoquinone-9, involved in photosynthesis chain. The monolayers have been performed using the Langmuir and Langmuir-Blodgett (LB) techniques and the redox behaviour of the LB films, transferred at several surface pressures on a glass covered with indium-tin oxide (ITO), has been characterized by cyclic voltammetry. The cyclic voltammograms show that UQ molecules present two redox processes (I and II) at high UQ content and high surface pressures, and only one redox process (I) at low UQ content and low surface pressures. The apparent rate constants calculated for processes I and II indicate a different kinetic control for the reduction and the oxidation of UQ/UQH2 redox couple, being kRapp(I)= 2.2·10 -5 s -1 , kRapp(II)= 5.1·10 -14 kOapp(I)= 3.3·10 -3 s -1 and kOapp(II)= 6.1·10 -6 s
Introduction
Electron transfer processes occurs in biological membranes such as thylakoid membranes of chloroplasts or mitochondrial membranes. The understanding of these processes is important for mimicking natural membranes and processes for applications in bioenergetics or bioremediation. Monogalactosyldiacylglycerol, MGDG, is the principal lipid component of thylakoid membranes (ca. 50%) versus dipalmytoilphosphatidylchloline, DPPC, which is present in mitochondrial membranes. On the other hand, quinones are redox molecules that act as electron and proton shuttles in natural electron transfer processes. Ubiquinones, UQs, especially UQ-10, are involved in the respiratory chain whereas plastoquinones, PQs, especially PQ-9, are involved in the photosynthetic chain [1, 2] . Some attempts have been done to simulate artificial photosynthesis using others quinones than PQ-9 [3] [4] [5] , being UQ-10 one natural candidate because it is structurally close to PQ-9 and its obtaining cost is quite lower. In the following, for simplicity, UQ-10 will be indicated as UQ and PQ-9 as PQ.
For the study of quinone incorporation in biomimetic membranes, both the monolayer formation and the unilamellar vesicle formation [6] approaches can be used. One of the first attempts to study the electrochemistry of UQ used lipid monolayer and bilayer systems supported on Hg [7] [8] [9] [10] . On solid electrodes, different methods have been applied to modify the surface of the electrode with a thin layer simulating the structure of the lipid layer [11] , where the quinone molecules can be embedded. The Langmuir-Blodgett (LB), the Langmuir-Schaefer (LS) and the vesicle fusion methods have been the most often applied to prepare supported lipid bilayers [12] [13] [14] [15] [16] [17] [18] . Bilayers so obtained have been used to study the electron transport properties of UQ [19] [20] [21] by voltammetry. On the other hand, the Langmuir and LB monolayer formation [22] has also been used. Other techniques like cast coating [23, 24] , black lipid membrane (BLM) [25] , and other thin layer approaches [26] [27] [28] [29] have also been used to study the voltammetric behaviour of UQ and other quinone derivatives.
The behaviour of ubiquinone monolayers, and mixed ubiquinone-phospholipid monolayers were investigated previously by Quinn et al. [30] by obtaining the surface pressure-area isotherms of the Langmuir films. This former study reported that the characteristics of the mixed monolayers depend markedly on the surface pressure of the monolayer. One relevant factor such as the location of the ubiquinone molecules in the membrane during the redox process is still unclear. The electron and proton transfers involving the quinone moiety depend on the availability of water molecules for the redox centre whereas a lipid environment should be available for the tail. The Langmuir technique offers a unique way to control these factors through the lipid film formation and compression.
In this work the electrochemistry of mixed films of MGDG and UQ on ITO has been studied, being the thermodynamic and topographic results of these films presented in a previous article [31] . MGDG has been chosen because it is the principal component in the thylakoid membrane and UQ seems a good substitute for PQ. The molar ratios MGDG:UQ 5:1 and 10:1 used are a bit higher but not too far from the biological ones, providing enough UQ concentration for a good analysis and for observing the influence of the lateral pressure on the UQ insertion in the MGDG matrix. In order to study the influence of the UQ in the MGDG film at different surface pressures, the Langmuir and LB techniques have been used that will allow us to investigate the influence of this parameter on the UQ location. The redox behaviour of the LB films has been characterized by cyclic voltammetry (CV) using a glass covered with indium-tin oxide (ITO) as working electrode. ITO has good optical and electrical properties, being these properties suitable for solar cells and artificial photosynthesis applications. Finally, we try to correlate the film formation and film structure with the redox response. The electrochemistry response obtained with the ITO-MGDG:UQ system will be compared with that obtained by the authors in the ITO-UQ and ITO-DPPC:UQ systems [21, 22] .
Experimental

Materials
Saturated monogalactosyldiacylglycerol (MGDG), with acyl=stearoyl (18:0), was purchased from Matreya (USA) and ubiquinone-10 (UQ) HPLC grade was from SigmaAldrich. KH2PO4, KCl and chloroform of analytical grade were used in solutions preparation. Water was ultrapure MilliQ® (18.2 MΩ·cm). Indium tin oxide deposited glass slides (ITO) were purchased to SOLEMS (France) and mica sheets to TED PELLA Inc (CA). Pure components solutions (1 mg/mL) were prepared dissolving MGDG and UQ in chloroform in separate glass vials. MGDG and UQ were completely dissolved after three hours. Mixtures were prepared mixing the appropriated volume of each pure component solutions to achieve the desired MGDG:UQ ratio.
Monolayer formation
Langmuir and Langmuir-Blodgett (LB) monolayer formation were carried on a Nima model 1232D1D2 trough using MilliQ® quality water as subphase. LB monolayers were transferred to ITO at defined surface pressure values (π). Monolayer formation was carried out adding the solution to the subphase and waiting 15 minutes for perfect spreading. Barrier closing rate was fixed at 25 cm ). LB film transfer was conducted dipping the substrate (ITO slide) on the subphase before adding the solution and five minutes were lagged after pressure setpoint was achieved. Transfer speed was set at 5 mm/min linear velocity. Experiments were conducted at 21±1ºC.
Electrochemical characterization
The voltammetric measurements were performed in a conventional threeelectrode cell using an Autolab Potentiostat-Galvanostat PGSTAT-12 (Ecochemie, NL). Working electrodes used were ITO slides (10mmx25mm) cleaned once with ethanol and three times with MilliQ® grade water. Counter electrode was a platinum wire in spiral geometry and the reference electrode was an Ag/AgCl/3M KCl microelectrode model DRIREF-2SH from WPI (World Precision Instruments). This reference electrode was mounted in a Lugging capillary containing KCl solution at the same cell concentration. All reported potentials were referred to this electrode. The electrochemical cell contained 0.150 M KCl as supporting electrolyte at pH 7.4 adjusted with the KH2PO4/K2HPO4 buffer. All solutions were freshly prepared with MilliQ® grade water and de-aerated with flow of Argon gas for 15 minutes prior the CV experiments, which were conducted at 21±1ºC. Voltammetric experiments were carried out at different scan rates, scanning towards negative potentials in a home-made glass cell with a reaction area of 33 mm
Results
LB film formation
The main results about the surface pressure-area, π-A, isotherms and thermodynamic processing of mixed films of MGDG and UQ have been presented previously [31] . Table 1 summarizes some of the characteristic values of these isotherms. One of the principal obtained results is that the presence of UQ affects the MGDG isotherm shape especially at low surface pressures and, on the other hand, the mixed films present a main UQ expulsion from the MGDG matrix after a certain surface pressure is achieved (see Table 1 ). The UQ presence affects the physical states (liquid expanded, LE, liquid condensed, LC, and solid, S) of the monolayers (Fig. 1) , producing less ordered states in respect to pure MGDG. (Fig. 1) . Moreover, the surface pressure π= 33 mN·m -1 has been selected because it is close to the lateral pressure in biological membranes [32] . Previously, the ITO/electrolyte system has been studied and it shows that ITO behaves as a polarizable electrode in the experimental conditions (see dashed line in Fig. 2 ). In our experiments, three CVs are required to obtain the stationary state in the electrochemical response, presenting a good reproducibility from the third scan and until at least 15 cycles. The voltammograms indicate that in the potential range between 0.80 and -0.40 V the ITO-MGDG electrode does not show faradaic responses and that the effect of the applied electrical potential on the lipid monolayer is low. At more cathodic potentials than -0.40 V a continuous increase (not shown) of the intensity was obtained, indicating that hydrogen evolution becomes important, in accordance with the behaviour reported for the ITO-DPPC electrode [21, 22] . Studies of the effect of electrical potential on lipid supported monolayers and bilayers [15, 33, 34] show that, imposing a progressively more negative potential at the electrode surface, the lipid layer becomes less ordered, making easier the entrapment and diffusion of proton ions from an electrolyte solution. The cyclic voltammogram of the ITO-MGDG/electrolyte system has been used to evaluate its Cd (Inset of Fig. 2 ) from the values of voltammetric charging current [22] . The ITO-MGDG electrode presents slightly higher Cd value than bare ITO, presenting a nearly constant value Cd ≈ 4 μF·cm -2 in the potential working screen used. Cd values ≈ 1.8 μF·cm -2 have been reported for high quality lipid monolayers [35] so indicating that our monolayer is not completely homogeneous and it presents few defects. The fact that the voltammogram presents a cyclic behaviour indicates that the lipid layer is permeable to water molecules, and after the third scan, a stable water content is achieved in the monolayer. This effect, and its reversibility, of the applied potential on lipid LB monolayers on ITO are explained by the lipid heads-ITO affinity [12] .
ITO-MGDG:UQ/electrolyte system
In this section, the electrochemical behaviour of the ITO-MGDG:UQ/electrolyte systems and its mathematical processing are presented. The results of the pure component UQ and their corresponding discussion were exposed in a previous work [22] . In our experiments, three CVs are required to obtain the stationary state in the electrochemical response, presenting a good reproducibility from the third scan and until at least 15 cycles. The ITO-MGDG:UQ 5:1 at π = 33 mN·m -1 shows two reduction and two oxidation peaks whereas at π = 6 mN·m -1 only a reduction and an oxidation peak are present. At π = 15 mN·m -1 one wide wave is observed for reduction and two peaks are observed for the oxidation process. On the other hand, the ITO-MGDG:UQ/electrolyte 10:1 presents only one reduction and one oxidation peak at all the surface pressures studied. The redox processes have been labelled according to those observed for the ITO-UQ and ITO-DPPC:UQ systems [22] . The main differences between the DPPC:UQ and the MGDG:UQ systems are, on the one hand, the non-appearance of the reduction peak of process I', located between peaks IR and IIR, in the later system, although the broadness of the peak of process I may indicate that more than one process are involved. On the other hand, the process IO becomes more important than IIO in the MGDG:UQ system when increasing the surface pressure.
In order to gain more information about the system, voltammograms at several scan rates have been performed and . Despite of the increase in the scan rate for the ITO-MGDG:UQ systems, the deconvolution of both processes that seems involved in the cathodic and anodic scan of process I is not possible. In addition, the Fig. 5 confirms that the ITO-MGDG:UQ 10:1 system at π = 33 mN·m -1 only shows process I although a wider potential working screen has been tested (not shown). In this figure, the scan rate is increased in such way that the hydrogen evolution present in all the voltammograms at all compositions starts at more negative potentials than at 10 mV·s -1 , indicating that this evolution is a quite slower process than process II. The peak and formal potentials of processes I and II for the ITO-MGDG:UQ 5:1 and 10:1 systems, at the scan rate of 10 mV·s -1 , are summarized in Table 2 . Table 2 . Redox peaks potentials for processes I and II and the formal potential that they represent for the ITO-MGDG:UQ 5:1 and 10:1 systems.
Discussion
Electrochemical response of the MGDG:UQ-ITO/electrolyte system
According to the literature [7, 22, 36] , the global electrochemical reaction of the UQ/UQH2 redox couple proposed for process I and II in our experimental conditions is described by eq. (1), which is similar than that of benzoquinone in aqueous buffered solution.
As it can be seen, the global redox process is pH dependent. In this work the influence of the pH has not been studied and, then, only the global reaction will be considered to describe the electrochemical behaviour of the UQ/UQH2 redox couple. It is also worth to comment that the first ionization constant of UQH2 is pKa =12 [9, 27] , thus at the pH 7.4 the neutral form of UQH2 is predominant. The current intensity of the redox peaks (Ip) has been studied for the ITO-MGDG:UQ 5-1 system at several scan rates and it has been shown that the reduction (not shown) and the oxidation peak current are related by a linear dependence with the scan rate (Fig. 6 ) so indicating that UQ molecules are surface confined in all the processes [37, 38] and that the electron transfer process is not diffusion controlled. These observations are also valid for ITO-MGDG:UQ 10:1 (not shown). Our results are in line with the observations of Märtensson and Agmo [39] for scan rates < 1 V·s -1 , Gordillo and Schiffrin [9] and Li et al. [40] for monolayers containing UQ confined on the electrode surface. The voltammograms presented in Fig. 3-5 , show a non-symmetrical shape, being the reduction peak sharper than the oxidation one. A similar situation was observed by Märtensson and Agmo [39] and Hong and Park [41] studying UQ and hydroquinone respectively and was also observed studying the electrochemical behaviour of the ITO-DPPC:UQ/electrolyte system [21, 22] . The different shape of reduction and oxidation peaks can be explained by the different hydrophilic character of the redox couple UQ/UQH2. The larger polarity of UQH2 compared with UQ leads the former to establish better attractive interactions by dipole-dipole or hydrogen bond between UQH2 and MGDG headgroups and, in addition, the UQH2-ITO, UQH2-UQH2 and UQH2-water interactions are also enhanced [2, 30, 39, 42] ). During the oxidation scan UQH2 is the reactant so the possibilities of hydrogen bonds are larger, increasing the stabilization of the UQH2 molecule and making it more difficult to oxidise. These arguments are also valid for explaining the larger width of the oxidation peak compared with that of the reduction process.
The separation of redox peaks for process I or process II in the voltammograms presented in Fig. 3-5 is large, even at low scan rates, indicating an irreversible redox behaviour, as it was also observed for the ITO-UQ and ITO-DPPC:UQ systems [21, 22] . Fig. 7 presents the redox peak potentials of processes I and II vs. the scan rate for the ITO-MGDG:UQ 5:1 system and for the ITO-UQ system. The redox peak separation for both processes is enhanced when increasing the scan rate and similar behaviour is observed for process I of the ITO-MGDG:UQ 10:1 system (not shown). The redox peak separation for process II is larger than for process I indicating that process II is even more irreversible than process I. In addition, it can be also inferred from Fig. 7 that the increase in the scan rate affects in a larger extent the oxidation peak potential than the reduction one, which produces that the midpoint potential for process I and II has scan rate dependence. Moreover, the figure has been separated in low and high scan rates because at low scan rates (< 20 mV·s -1 ) the linear adjustments of the reduction and oxidation peak potentials of processes I and II present a higher slope (Fig. 7A and 7B ) than at high scan rates (Fig. 7C) .
This large separation for processes I and II has also been observed by other authors studying the electrochemical behaviour of surface confined UQ at pH<12 and it aroused from the slow values for the heterogeneous charge transfer rate constants [39, 43] . With the aim to perform an estimation of the charge transfer rate constant (kapp) in the case of the ITO-MGDG:UQ/electrolyte interface, we have used the Laviron's formalism [38] applied to charge transfer eq. (1), considering that the reduction and oxidation peak potentials can be expressed by eq. (2) and (3), respectively:
A representation of (EpR-Ef) and (EpO-Ef) vs. ln v (not shown) has been performed for the cathodic and anodic peak potentials of both electrochemical processes I, at each surface pressure, and II, at π= 33 mN·m -6 s -1 for process II. These results show that the reduction and oxidation processes of the UQ/UQH2 redox couple confined in the lipid matrix have a different kinetic control at pH 7.4, as it has been pointed by Marchal et al. [43] using the quantitative approach developed by Laviron [44] [45] [46] . According to the conclusions of Marchal et al. [43] , in the 6-8 pH range, the rate determining step for the oxidation of the UQ/UQH2 redox couple is the electron transfer process whereas for the reduction process at pH<7.5 the rate determining step involves the protonation of UQ. Therefore, in our experimental system, we can consider that the apparent constants kOapp(I) and kOapp(II) have the meaning of charge transfer constants whereas the apparent constants kRapp(I) and kRapp(II) include the acid dissociation constant of the intermediate species. The values of kOapp(I) are in the order of magnitude of the transfer charge rate constant reported by Marchal et al. [43] . The fact that the ratio kRapp(I)/ kRapp(II) was highest that the ratio kOapp(I)/ kOapp(II) can be indicative of the different local environment around the UQ molecules that are reduced via process I or via process II. This causes changes in the apparent acid dissociation constant of the intermediate species involved in the reduction pathway. (Table 2) , are close to that obtained for process I in the ITO-UQ system [22] and therefore process I is correlated with the UQ molecules located in the lipid matrix with their heads in direct contact or in a short distance to the ITO surface. The most of the formal potentials observed by previous authors for the UQ redox processes confined on an electrode surface [8, 9, 19, 27, 43, [47] [48] [49] [50] are in the range between -0.14 V and -0.09 V vs Ag/AgCl/3M KCl at pH 7.4. These last values are less thermodynamically favourable than that observed in this work for process I, which is correlated with the higher availability of protons in our system. On the other hand, the electrochemical process II has a formal potential, Ef(II), more positive to that obtained for process I (Table 2 ) and close to the formal potential value obtained for process II in the ITO-UQ system [22] . The Ef(II) value is also close to that of benzoquinone/hydroquinone in aqueous solution (Ef (II) ≈ 0.14 V vs. Ag/AgCl/3M KCl [24] and it can be correlated with a more aqueous environment for the UQ headgroup. Therefore, we correlate process II with the redox behaviour of the UQ molecules that have been expelled from the MGDG matrix and are placed on top of the monolayer in an environment with higher H + ion availability from the aqueous electrolyte. The major irreversibility of process II compared with process I is correlated with the larger distance that the electron transfer is forced to proceed from the ITO surface to the UQ head, which induces a slowing of the overall electron-transfer rate as the obtained values of kapp(I) and kapp(II) shown. This behaviour has been also observed in SAMs of electro-active molecules [41, 50, 51] .
The charge involved in the LB monolayer transferred at each surface pressure is obtained by integrating the area under the reduction or oxidation waves. The surface coverage (Γ) is obtained from the experimental values of charge and considering the global reaction (eq. 1) for UQ in confined situation. The Γ for the ITO-MGDG:UQ/electrolyte system are shown in Table 3 and compared with the expected value to obtain the electroactive fraction of UQ. The expected surface coverage (Γexpec) values are calculated assuming that UQ and MGDG molecules are perfectly spread in a monolayer and on the ITO surface, being the resulting value corrected accordingly to the corresponding MGDG:UQ ratio and with the transfer ratio associated to the LB transfer process. We have chosen to show in Table 3 the oxidation surface coverage (ΓO) of the redox processes, which are similar but lower than the results obtained for the reduction scan due to the contribution of hydrogen evolution.
The Table 3 shows that an increase in the initial UQ content in ITO-MGDG:UQ/electrolyte systems leads to an increase of the electroactive fraction. This fact is explained by the contribution of the electron hopping mechanism to the UQ/UQH2 electron charge transfer, as it was also observed in the ITO-DPPC:UQ system [21] . Our results contrast with the observations of Moncelli et al. [47] who observed a decrease in the surface coverage when increasing the initial UQ content from 0.5 to 2 % on a monolayer of DOPC on HDME at pH 9.5. This different behaviour is explained by the differences in pH values. Moncelli et al. [47] worked with pH 9.5 so the availability of protons in the proximity of the UQ heads is more limited than in our experiments at pH 7.4. In our experiments the enough presence of available protons close to the UQ heads avoids the high local UQ concentration problem. On the other hand, ΓO (I) values (Table 3) are represented in Fig. 8 vs. the surface pressure. ΓO (I) for the ITO/MGDG:UQ 10:1 system attains a maximum value ≈ 10·10 -12 mol·cm -2 , whereas ΓO (I) of the ITO/MGDG:UQ 5:1 system continues increasing. Table 3 . Expected (Γexpec), experimental total oxidation (ΓO tot) surface coverage, experimental surface coverage for process I, ΓO (I), and electroactive fraction involved in the whole redox process for ITO-MGDG:UQ system using 0.150 M of KCl electrochemical cell, with potassium phosphate buffered solution at pH 7.4 and at a scan rate of 10 mV·s 
Global sight of the MGDG:UQ system transferred on ITO
A complete vision of the UQ positions in the MGDG:UQ monolayer can be obtained considering the monolayer physical states (Fig. 1) , the AFM results reported in our previous work [31] and the electrochemical discussion presented in the previous section. The description of the UQ positons in the MGDG monolayer will be made using the model proposed by Söderhäll and Laaksonen [52] . They studied the position of UQ in a lipid bilayer through molecular dynamic studies, and concluded that UQ is in two preferred positions in the bilayer; one close to the lipid headgroups (diving position), the other in the membrane midplane (swimming position).
The different shape of the C curves suggest that the system experiences a sudden UQ expulsion followed by a gradual expelling. The AFM studies of the LB films of pure MGDG and MGDG:UQ mixtures on mica reported in [31] indicated that the MGDG and the MGDG:UQ mixtures with low UQ content, both at low surface pressure, present similar covered area by the LC state, whereas the MGDG:UQ 5:1 ratio presents a markedly lower covered area by this LC state. These observations indicate that UQ is present in both physical states (LE and LC) in the MGDG:UQ mixtures. At π = 6 mN·m -1 the formal potential is Ef (I) = -0.03 ± 0.02 V for the ITO-MGDG:UQ 5:1 system and Ef (I) = -0.07 ± 0.02 V for the ITO-MGDG:UQ 10:1 system. Both are close to the formal potential of the redox process I obtained for the ITO-UQ/electrolyte system [22] , which indicates that the local environment around each UQ is similar in these situations. However, the more negative value of the formal potential for the ITO-MGDG:UQ 10:1 system may be related with the higher proportion of compact LC state compared with the pure UQ or the ITO-MGDG:UQ 5:1 system, which induces slight changes in the UQ environment that hindrances the electron transfer. Despite of these small differences, at low surface pressures, regardless the MGDG:UQ domains are in LE or LC state, we correlate the diving position with the UQ placed in the MGDG matrix and located in direct contact with the ITO surface (positon Iα at π = 6 mN·m -1 in Schematic 1).
The compression of the monolayer, increasing the surface pressure, induces two actions: First the compactness of the LC state, so favouring the rejection of part of the UQ in diving position. On the one hand, it can be vertically rejected to a diving position without contact to the ITO surface (positon Iβ at π = 15 mN·m -1 in Schematic 1) and, on the other hand, horizontally to the remaining LE zones (Fig. 9B and 9C in reference [31] ) so enriching them in UQ (some of the positons Iα at π = 15 mN·m -1 and position Iα at π = 33 mN·m -1 in Schematic 1). Second, the phase change from LE to LC of the remaining LE zones. Further compression results in a more compact LC state with very low proportion of covered areas by the LE state and the formation of filament shaped protrusions (Fig. 9D in reference [31] ), which we relate with the presence of UQ molecules in swimming position forming pools on top of the monolayer (positon II at π = 33 mN·m -1 in Schematic 1). We correlate this swimming position with the process II observed in the CVs of Fig. 3 and 5 , only for the ITO-MGDG:UQ 5:1 system. The process II for ITO-MGDG:UQ 10:1 is not observed, even at high scan rate.
The non-saturation of the ΓO (I) (Fig. 8) for ITO-MGDG:UQ 5:1 system when increasing the surface pressure at which the LB film has been transferred suggests that, when the monolayer changes from LE to LC, the horizontal rejection is favoured placing most of the UQ molecules in the diving position in LE zones, which become richer in UQ. In addition, the fast LE to LC change of the MGDG matrix entraps the UQ molecules in it, favouring the diving position versus the swimming position. The later position is only achieved at high initial UQ content and at high surface pressures due to the exceeding UQ molecules are rejected out of the MGDG matrix placing above the UQ molecules in diving position. The CVs (Fig. 3-5) show that process I presents wide redox peaks and express the redox behaviour of UQ molecules in diving position with their heads either in position Iα or Iβ (Schematic 1). Comparing with the ITO-DPPC:UQ system [22] , the slower phase change from LE to LC of the DPPC matrix, when increasing the surface pressure, favoured the progressive vertical rejection of the UQ molecules, and thus two separated electrochemical processes were observed for the diving UQ molecules, directly or not directly in contact with the ITO surface (labelled as processes I and I', respectively [22] ). The slower phase change for the DPPC:UQ system also leads to a saturation of the ΓO (I) value, in contrast with what has been observed for the MGDG:UQ 5:1 system. Schematic 1. Scheme of the position of MGDG and UQ molecules of the MGDG:UQ 5:1 system at several surface pressures. The labels Iα, Iβ and II indicate the UQ positions that origin the redox processes I and II.
Conclusions
The electrochemical response of the MGDG:UQ monolayer on ITO depends on the surface pressure at which it has been transferred and on the MGDG:UQ ratio. At low surface pressures and low UQ content, only one irreversible redox process (I) is obtained. At high surface pressures and high UQ content an additional redox process (II) is obtained. Process II is more irreversible than process I but has a more positive formal potential. At pH 7.4, either for processes I and II, the rate determining step for the reduction of the UQ/UQH2 redox couple involves the protonation of UQ molecules whereas the oxidation is kinetically controlled by the electron transfer rate. The positions of the UQ molecules in the MGDG matrix have been determined analysing the formal potential values of both redox processes, and the compactness and physical states of the monolayer at each surface pressure and composition. The diving position with UQ molecules in direct contact with the ITO surface is the main position at low surface pressures and low UQ content. Increasing the surface pressure, the fast compactness of the MGDG matrix produces vertical rejection of the UQ molecules, which leads to a diving position without direct contact of the UQ heads with the ITO surface, and it also produces horizontal rejection of the UQ molecules to remaining LE zones. The electron transfer reaction of all the UQ molecules in diving position proceeds via the redox process I, indicating that in all the described situations the UQ heads are in a close distance respect to the ITO surface. At high surface pressures and high UQ content, the higher compactness of the MGDG matrix leads to the expulsion of UQ molecules to the top of the monolayer, giving the swimming position. The electron transfer reaction of the molecules in swimming position proceeds via the redox process II. The major irreversibility of process II compared with process I is correlated with the larger distance that the electron transfer is forced to proceed from the ITO electrode to the UQ head, which induces a slowing of the overall electron-transfer rate. The LB technique allows to build biomimetic membranes with control, through the surface pressure, of the UQ position and, consequently, of the redox process. 
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